The presence of contaminants in water is a subject of paramount importance nowadays, which can make water improper to human consumption even when these contaminants are present at very low concentrations, causing health issues and economic losses. In this work, we evaluated the performance of nanocomposites based on nylon 6,6/chitosan electrospun nanofibers modified by cellulose nanowhiskers combined with functional materials like silver nanoparticles, gold nanoparticles, and reduced graphene oxide to be used as sensing layers of an electronic tongue (e-tongue) to detect Isoborneol. This compound, found in some plants and essential oils, is used as a natural repellent and also to produce many other chemicals. Additionally, its chemical structure is related to that of 2-methylisoborneol, a critical pollutant in aqueous media. The synergism between the nanomaterials combined with electrospun nanofibers could be verified by the enhancement of the charge transference ability. Additionally, electrical capacitance data measured with the impedimetric e-tongue were treated by Principal Component Analysis (PCA), and revealed the sensing system was able to discriminate samples contaminated with Isoborneol at nanomolar concentrations. Moreover, the electronic tongue system could detect Isoborneol in real water samples under different concentrations.
treatment of cardiovascular diseases [10] , and as a natural repellent [11] . Therefore, the presence of these compounds in drinking water must be monitored and controlled by highly sensitive and easy handling instrumentation. Multi solid-state sensor arrays as electronic tongues (e-tongues) can fulfill these requirements, once they make use of the global selectivity concept, in which a set of sensors is able to classify complex solutions, even with similar composition, without the requirement of specific interactions [12] [13] [14] [15] . An important aspect is the design and composition of the sensing layers of the e-tongues [15] [16] [17] [18] [19] , which can provide a different analytical profile for each analyzed solution. Although generating a great amount of data, statistical analysis and chemometric tools can help reaching the classification of complex solutions, even with very similar compositions [14] .
Sensing layers fabricated with nanomaterials have demonstrated good performance in terms of the detection of varied analytes, even at very low concentrations [20] [21] [22] . Electrospun nanofibers, for instance, have been applied as sensing layers aiming to increase the high surface area/volume ratio, leading to a higher interaction with the analytes under investigation [23, 24] . In order to increase the detection efficiency of impedimetric e-tongues, nanofibers surface can be functionalized with metal nanoparticles [23] and carbon-based nanomaterials [15] .
Nylon 6,6, a synthetic polymer prepared by the polycondensation of hexamethylene diamine and adipic acid, has been widely used, either alone or in combination with other synthetic or natural polymers, in the fabrication of electrospun micro/nanofibers applied in chemical sensors [25] [26] [27] . Such micro/nanofibers though, exhibit a hydrophobic nature, which may hinder the interaction with hydrophilic analytes as well as its functionalization with metal nanoparticles [27, 28] . Chitosan is a β(1 → 4)-linked copolymer of 2-amino-2-deoxy-D-glucopyranose (GlcN) and 2-acetamido-2-deoxy-D-glucopyranose (GlcNAc) that displays interesting properties, such as hydrophilicity, nontoxicity, biodegradability, and biocompatibility [29, 30] . Abundant amine and hydroxyl groups enable chitosan to chelate with various metal nanoparticles and may favor the interaction with hydrophilic analytes [28, 31] . However, the low spinnability and poor mechanical properties limit the direct application of chitosan nanofibers as sensing layers [32] . In this sense, the blending of nylon 6,6 and chitosan may result in a superior material that combines the benefits of both polymers, thus displaying better potential to be used as an efficient sensing layer in e-tongues. Additionally, the metal chelating ability of chitosan may be explored for the functionalization of nylon 6,6/chitosan with metal nanoparticles. Once Isoborneol (chemical structure displayed in Figure 1 ) presents polar and nonpolar groups, the use of nylon 6,6/chitosan-based sensing platforms may favor the detection of this compound. In this context, here we report the development of an impedimetric e-tongue used to discriminate water samples containing Isoborneol at different concentrations. We chose Isoborneol because its chemical structure is related to that of 2-methylIsoborneol, considered an important pollutant in aqueous media. The sensor array was based on nylon 6,6/Chitosan electrospun nanofibers modified with hybrid materials based on cellulose nanowhiskers and conductive nanomaterials (silver and gold nanoparticles-AgNP and AuNP-and reduced graphene oxiderGO). Cellulose nanowhiskers (CNW) were used to provide greener methodologies for AgNP, AuNP, and rGO synthesis and to contribute to good dispersion of these functional materials. The nanocomposites were physically and chemically characterized and combined in order to compose an e-tongue used for water classification regarding Isoborneol presence by means of Principal Component Analysis (PCA). 
Materials and Methods

Reagents
Commercial white cotton from Apolo (Palmeiras, Brazil), sulfuric acid, sodium citrate, and formic acid were purchased from Labsynth Chemical (São Paulo, Brazil). Graphite flakes, potassium permanganate (KMnO 4 ), hydrochloric acid (HCl), and hydrogen peroxide (H 2 O 2 ) used in the synthesis of graphene oxide, were purchased from Dinamica, Brazil. Dialysis membrane (D9402), silver nitrate, sodium borohydride, gold(III) chloride hydrate, Isoborneol (154.25 g mol −1 ), and nylon 6,6 (262.35 g mol −1 ) were purchased from Sigma-Aldrich (São Paulo, Brazil). Chitosan was prepared by applying the ultrasound-assisted deacetylation (USAD) process to β-chitin extracted from squid pens, according to Fiamingo and Campana Filho [33] . The average degree of deacetylation (DD) of chitosan was 93% as determined by 1 H NMR analysis [34] . The viscosity average molecular weight (Mv) of chitosan was determined from intrinsic viscosity measurements in 0.3 mol L −1 acetic acid/0.2 mol L −1 sodium acetate buffer (pH 4.5) at 25.00 ± 0.01 • C by using the Mark-Houwink-Sakurada equation [35] , resulting in 104.000 ± 5.000 g mol −1 . All chemicals were used as received.
Synthesis of Cellulose Nanowhiskers (CNW)
CNW were prepared via the top-down method based on acid hydrolysis of natural fibers. In brief, 5.0 g of commercial white cotton was suspended in 100 mL of 60.0% w/v H 2 SO 4 aqueous solution and kept at constant stirring at 45 • C for 75 min. Immediately following the hydrolysis reaction, the suspension was diluted with cold water (500 mL) and centrifuged for 10 min at 10,000 rpm to remove the excess of acid. The precipitate was then dialyzed until the neutrality of the CNW suspension was reached, which was then ultrasonicated (Branson Digital Sonifier-model 102 C, Branson, Danbury, CT, USA) for 5 min using 10% of amplitude, frozen in a conventional fridge and freeze-dried (Thermo Fisher Scientific, SuperModulyo220, São Paulo, Brazil).
2.3. Synthesis of CNW:Ag, CNW:Au, and CNW:rGO CNW:Ag was prepared according to the methodology proposed in ref. [36] . Briefly, 20 mL of CNW aqueous suspension (5.0 mg mL −1 ) was added to 200 mL silver nitrate aqueous solution (1.0 mol L −1 ) previously heated at 100 • C. Subsequently, 2 mL of sodium borohydride (1.0 mol L −1 ) was added dropwise to the suspension, which was kept under reflux and vigorous stirring for 40 min. The resulting suspension was then cooled and stored protected from light in a refrigerator at 5 • C.
CNW/AuNP was produced by adding CNW to AuNP synthesis using the Turkevich method [37] . The synthesis was carried out in a round-bottom flask connected to a reflux system. Initially, 20 mL of aqueous CNW suspension (50 mg mL −1 ) was added to 200 mL of gold(III) chloride hydrate aqueous solution (3.7 × 10 −4 mol L −1 ) previously heated at 100 • C. Subsequently, 4 mL of an aqueous solution of sodium citrate (2.4 × 10 −3 mol L −1 ) was added to the suspension, which was kept under reflux and vigorous stirring for 40 min. The resulting suspension was cooled and stored protected from light in a refrigerator at 5 • C.
GO was previously synthesized from graphite powder by adaptation from the Hummer's method, according to the procedure described in previous work from our group [38] . The green reduction of GO was performed using the methodology proposed in ref. [38] , in which 25 mL of GO aqueous suspension (0.5 mg mL −1 ) and 15 mL of CNW aqueous suspension (5.0 mg mL −1 ) were added to 160 mL of deionized water previously heated. Once homogenized, 0.5 mL of NH 4 OH 10% w/v was added to the suspension, which was kept under reflux and constant stirring for 72 h. Figure 2 illustrates the proposed architecture of CNW:Ag, CNW:Au and CNW:rGO hybrid materials.
Production of Nanocomposites
Nanocomposites were prepared by combining nylon 6,6/Chit nanofibers, and CNW:Ag, CNW:Au, and CNW:rGO. Electrospinning was employed as the processing technique to produce the nanofibers. The nanofibers functionalization was performed by immersion in distinct suspensions, in order to promote adsorption of these structures onto the surface of the nanofibers.
Polymer solution (15% w/v) was prepared by dissolving nylon 6,6 and chitosan at a weight ratio of 90/10 in formic acid solution upon stirring for 4 h at room temperature. The as-prepared solution was loaded in a plastic syringe connected with a metallic needle (0.45 mm internal diameter). The electrospun nanofibers were obtained by using a homemade electrospinning apparatus at a feed rate of 5 µL min −1 and an electric voltage of 22 kV. The distance between the tip of the needle and the grounded metallic rotating drum collector was 6 cm. Nanofibers were electrospun onto aluminum foil for SEM characterization and onto fluorine-doped tin oxide (FTO) electrodes and gold interdigitated electrodes (IDE) surface substrates for electrochemical experiments. The nanofibers collection was carried out during 10 min at 25 ± 3 • C and 40 ± 5% relative humidity.
The electrospun fibers deposited onto FTO and IDE electrodes were functionalized by immersion into the CNW:Ag, CNW:Au, CNW:rGO suspensions for 2 h. After functionalization, the modified substrates were dried under ambient conditions and stored in a desiccator. Resultant nanocomposites were named as nylon 6,6/Chit/CNW:Ag, nylon 6,6/Chit/CNW:Au, and nylon 6,6/Chit/CNW:rGO, and their proposed structures are graphically represented in Figure 2 .
CNW:Ag, CNW:Au, and CNW:rGO Characterization
The morphology of nanocomposites was evaluated by using Field Emission Scanning Electron Microscopy (FESEM) (ZEISS model SIGMA, ZEISS, São Paulo, Brazil) and scanning electron microscopy (SEM) (JEOL 6510 microscope) operating at 10 kV. Electrochemical impedance spectroscopy (EIS) was performed using a conventional three-electrode electrochemical cell: Ag/AgCl (3.0 M KCl) as the reference electrode, platinum foil as a counter electrode, and FTO coated with the distinct nanocomposites as a working electrode. The measurements were carried out using a Potenciostat Autolab PGSTAT 204 (Metrohm São Paulo, Brazil) using the software NOVA 1. 
Design of Sensing Units of the e-Tongue
The sensing units of the e-tongue were designed by modifying the gold IDE's surface with the produced nanocomposites. The IDE's were fabricated using conventional photolithography at the Microfabrication Laboratory at the Brazilian Nanotechnology National Laboratory (LMF/LNNano) at CNPEM. IDEs were comprised of 50 pairs of fingers, each one with the following geometric features: width (w) = 10 µm, gap (s) between fingers = 10 µm, finger length (L) = 3 mm, thickness (h) of metal layer = 120 nm (20 nm of Cr and 100 nm of Au). IDEs surface modification was performed by depositing the electrospun nanofibers onto them for 30 min, with sequential immersion into a suspension containing the hybrid materials for 2 h. The final sensor array, graphically represented in Figure 2 , was constituted by five sensing units formed by (i) bare IDEs, (ii) nylon 6,6/Chit, (iii) nylon 6,6/Chit/CNW:Ag, (iv) nylon 6,6/Chit/CNW:Au, and (v) nylon 6,6/Chit/CNW:rGO.
Detection Experiments
Sensing experiments to detect Isoborneol under different concentrations (50 to 1000 ng L −1 ) were performed by electrical impedance spectroscopy, using an impedance/gain-phase analyzer Solartron 1260 A using the Z-plot software (Scribner associates, Southern Pines, NC, USA). Electrical impedance data were collected in the frequency range of 1 MHz-1 Hz, applying an AC electrical voltage of 50 mV.
Three measurements per sensing unit were performed, with two independent replicates per sensor. Capacitance values were extracted from impedance data, and the whole spectra were statistically interpreted using Principal Components Analysis (PCA) [39] . 
Results and Discussion
Nanocomposites Characterization
The morphology of nylon 6,6/chitosan fibers was evaluated by SEM analysis. As seen in Figure  3 , defect-free, beadless, and uniform fibers with diameters predominantly in the range 200 nm-400 nm were successfully fabricated. Functionalization of nylon 6,6/chitosan fibers with CNW:Ag, CNW:Au, and CNW:RGO hybrid materials was evaluated by Field Emission Scanning Electron Microscopy (Figure 4) , revealing the presence of these nanomaterials on the surface of the fibers. The physical adsorption of nanomaterials is attributed to the hydrogen bonds between the cellulose hydroxyl groups and the hydroxyl and amine groups of chitosan, as well as the amide groups of nylon 6,6 [40] . No clusters were observed, and the physical adsorption of nanomaterials was successful, where the nanofibers mats were washed three times before use. 
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Electrochemical Characterization of Electrodes
The electron transfer efficiency of the nanocomposites was electrochemically evaluated by EIS. Figure 5 shows the Nyquist plots for the electrodes modified with the nanocomposites, where the data were analyzed and fitted using a Randle's equivalent circuit [41] (representation shown in the inset in Figure 5 ). Rs represents the electrolyte resistance, Rct represents the charge (electron) transfer resistance, Cdl represents the interface capacitance, and Zw is the Warburg impedance [41] . The semicircular region located at high frequencies is associated with an interfacial charge-transfer process, and its diameter corresponds to the charge-transfer resistance (Rct), whereas diffusional processes can be ascribed to the linear region at low frequencies [35, 36] . Rct values were 18 Ω for nylon 6,6/Chit, 12 Ω for nylon 6,6/Chit/CNW:Ag, and also to nylon 6,6/Chit/CNW:Au, and 8 Ω for nylon 6,6/Chit/CNW:rGO. A decrease of Rct values suggests an enhancement in the charge-transfer process attributed to the electrical conductivity of nanocomposites. 
The electron transfer efficiency of the nanocomposites was electrochemically evaluated by EIS. Figure 5 shows the Nyquist plots for the electrodes modified with the nanocomposites, where the data were analyzed and fitted using a Randle's equivalent circuit [41] (representation shown in the inset in Figure 5 ). R s represents the electrolyte resistance, R ct represents the charge (electron) transfer resistance, C dl represents the interface capacitance, and Z w is the Warburg impedance [41] . The semicircular region located at high frequencies is associated with an interfacial charge-transfer process, and its diameter corresponds to the charge-transfer resistance (R ct ), whereas diffusional processes can be ascribed to the linear region at low frequencies [35, 36] . R ct values were 18 Ω for nylon 6,6/Chit, 12 Ω for nylon 6,6/Chit/CNW:Ag, and also to nylon 6,6/Chit/CNW:Au, and 8 Ω for nylon 6,6/Chit/CNW:rGO. A decrease of R ct values suggests an enhancement in the charge-transfer process attributed to the electrical conductivity of nanocomposites.
E-Tongue Experiments
According to the literature [14] , the impedance response at the low-frequency region is generally dominated by the double-layer effect, while the region between 100 and 10 KHz represents the effects from the coating material over the electrodes. At higher frequencies, the impedance of the system is dominated by the geometric capacitance of the electrode. In this way, we chose three distinct frequencies (100 Hz, 1 KHz and 100 KHz) to analyze the information regarding electrical capacitance values to perform PCA analysis.
Water Classification-e-Tongue Measurements
In order to develop a reliable chemical sensor for Isoborneol, an impedimetric e-tongue composed of five sensing units was employed. The units were: (i) bare IDE, (ii) IDE modified with nylon 6,6/Chit electrospun nanofibers, (iii) IDE modified with nylon 6,6/Chit/CNW:Ag, (iv) IDE modified with nylon 6,6/Chit/CNW:Au, and (v) IDE modified with nylon 6,6/Chit/CNW:rGO. Figure 6 displays typical electrical impedance data obtained for blank samples and Isoborneol samples. It is worth mentioning that this result refers to the sensing unit modified with nylon 6,6/Chit/CNW:Ag, but the other sensing units also presented similar results. 
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Real Samples
In order to evaluate the applicability of our e-tongue for detecting Isoborneol in real environmental analysis, Isoborneol solutions were also prepared using river water. The river water sample was collected from the Monjolinho River (located in São Carlos-São Paulo/ Brazil) and filtered using a paper filter (J Prolab JP42). The corresponding PCA displayed in Figure 9 was obtained using the electrical capacitance responses at 1 KHz, analyzing the different concentrations of Isoborneol solutions, using river water samples. The PCA plot shows that the e-tongue is very effective in discriminating the different concentrations of Isoborneol solutions even using real samples, again yielding a very clear separation. 
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Conclusions
Nanocomposites based on nylon 6,6/Chitosan electrospun nanofibers modified with different functional nanomaterials, including silver nanoparticles, gold nanoparticles, and reduced graphene oxide, were successfully assembled onto gold interdigitated microelectrodes and used as sensing units of an impedimetric electronic tongue, aiming at detecting Isoborneol in water samples. The electronic tongue was successful in discriminating uncontaminated and contaminated water samples with Isoborneol, even at very low concentrations, down to 25 ng L −1 . The water samples discrimination was also remarkable regardless they were prepared with either distilled or river water, indicating the potential of the sensing approach for detecting Isoborneol in water samples. 
